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Abstract. The last decade has seen tremendous advances jple, approximately 80-90% of their volume is in the ac-
atmospheric aerosol particle research that is often performedumulation mode dj, <1um). Smoke particles are com-

in the context of climate and global change science. Biomasposed of~50-60% organic carbon and5—-10% black car
burning, one of the largest sources of accumulation modeébon. Biomass smoke particles effectively scatter and absorb
particles globally, has been closely studied for its radiative,solar radiation. Given sufficient updraft velocity, smoke-par
geochemical, and dynamic impacts. These studies have takeitles are good cloud condensation nuclei. But despite this
many forms including laboratory burns, in situ experiments, qualitative understanding, the determination of key parame-
remote sensing, and modeling. While the differing perspec-ers for estimating atmospheric effects of biomass burning is
tives of these studies have ultimately improved our qualita-not straightforward. Smoke properties vary between fires de-
tive understanding of biomass-burning issues, the varied napending on fuel type and moisture, combustion phase, wind
ture of the work make inter-comparisons and resolutions ofconditions, and several other variables. Also, as the physical,
some specific issues difficult. In short, the literature base hagshemical, and optical properties of biomass-burning aerosols
become a milieu of small pieces of the biomass-burning puz-can change rapidly as they disperse, it is difficult to relate the
zle. This manuscript, the second part of four, examines theproperties of individual fires to the ensemble smoky hazes
properties of biomass-burning particle emissions. Here wehat affect the atmosphere’s radiative balance. Determining
review and discuss the literature concerning the measuremetite impacts of these hazes on the meteorology of a region
of smoke particle size, chemistry, thermodynamic propertiesjs hampered by high uncertainty in both the measurement
and emission factors. Where appropriate, critiques of meamethodologies and in the models themselves. A key issue
surement techniques are presented. We show that very large the extent to which measurements presented in the litera-
differences in measured particle properties have appeared iture can be applied to models of aged smoke that dominates
the literature, in particular with regards to particle carbonregional hazes and affects seasonal climate. Ignoring the in-
budgets. We investigate emissions uncertainties using scal&icacies of this problem can result in very large errors in re-
analyses, which shows that while emission factors for grasgjional and global climate models.

and brush are relatively well known, very large uncertain- This review paper is the second of four discussing
ties still exist in emission factors of boreal, temperate andbiomass-burning emissions and their physical, chemical and
some tropical forests. Based on an uncertainty analysis obptical properties. The intent of this series is to present to
the community data set of biomass burning measurementshe scientific community the state of the field, and the true
we present simplified models for particle size and emissionuncertainties in open biomass burning (e.g., excluding cook-
factors. We close this review paper with a discussion of theing, charcoal production, or industrial emissions). In this
community experimental data, point to lapses in the data setmanuscript we review the literature regarding intensive phys-
and prioritize future research topics. ical properties and emission factors and of biomass-burning
particles. By intensive we mean those that describe the in-
herent properties of the aerosol particles themselves, such as
To understand the effects of biomass burning on the atsize or chemical mass fraction, rather than extensive prop-
mosphere, it is imperative that consistent parameterizationgrties such as concentrations or total mass flux. We explore
with reliable uncertainties be provided to models. In the differences in particle properties by region and fire chem-
last decade, biomass-burning studies have spawned hundregsry, and attempt to reconcile differences that exist between
of manuscripts on the physical, chemical, and thermody-measurement techniques and field studies. In conclusion, we
namic properties of biomass-burning particles. Qualitatively, present what we feel are reasonable smoke models with reli-
smoke particle properties are well understood. For exam-able uncertainties, and make suggestions for future research.

1 Introduction

Correspondence tal. S. Reid  © 2005 Author(s). This work is licensed under a Creative Commons License.
(reidj@nrimry.navy.mil)



J. S. Reid et al.: A review of biomass burning emissions part Il

8 Discussion, summary, and recommendations for fu-  In Table 7 we present recommended emission factors and
ture work an uncertainty analysis of the factors required to forward
model particle emissions. Because of the huge uncertain-
In this manuscript we gave an overview of the intensive physies in burn areas and fuel loads, we present data normalized
ical and chemical properties of smoke patrticles from biomass emissions per square meter burned, and assume some rea-
burning. We focused on the commonly studied fuels suchsonable average fuel load for comparison purposes only from
grass/savanna, cerrado/brush forest, tropical forest and tetime values given above (i.e., not included in the uncertainty
perate forest. Although there is a tremendous body of litalculation). We recommend values for emission factors that
erature on the subject of biomass-burning particles and somke slightly higher than those in previous review papers that
agreement on key issues, there are some obvious biases. Hamerage the bulk of available emission factor data in the lit-
we provide a summary and discuss the state-of-the-scienegature (such as Andreae and Merlet, 2003). We hypothe-
Where appropriate, present first order models are presenteide that due to various sample bias issues, such an average
We close each section with a discussion of outstanding igtould underestimate emissions on the order of 10 to 30%.

sues. First, one must consider issues of particle mass growth due
to organic condensation during the first 30 min of smoke ag-
8.1 Particle emission ing (we exclude other heterogeneous mass growth such as

organic acid formation as this is heavily dependent on envi-
Examination of Table 6 shows that while emission factors fatonmental variables this should be accounted for in models).
grass and cerrado/shrub fuels are relatively well known, urFhis mass increase is not accounted for in fire tower mea-
certainties dramatically increase for more forested biomesurements, nor even in many aircraft derived values. Simi-
These are likely due to a combination of sampling bias, inarly, combustion chamber studies are also likely to under-
strumentation issues, and low statistical power (e.g., sam@gtimate some emissions for forested type fuels. This cor-
size). Grass and shrub fires are smaller in size and intensitgction would be greater for flaming combustion, and can be
and are mostly consumed by flaming combustion. These aaken into account directly in the emission factors (which we
pects make such fires easier to characterize. Forested firese done).

pose far more difficult challenges. Clearly, the high particle The second issue is the lack of data on the relative amounts

_concentration_s and_ t(_emperatures m"’?ke close analytical_sub‘i"flaming versus smoldering combustion. Even for savanna
ies of these fires difficult and potentially dangerous. Smtg/ e fires, smoldering combustion on stumps and large wood
1B6ris oo

the heat source . muph Iarge_r than.grass f"e? mode bris can go on for hours or even days (D. Ward personal
the impact of fire dynamics and intensity on particle prOp(:ommunication). While the mass flux is relatively slow, the

erties is complex and non-linear. Long burn times, on thﬁ)ng duration may make this a term that should not be ne-

order of.days for smolder!ng combustion .to c.omplet(?‘, mak?gﬁected. For fires in forested ecosystems, smoldering is even
mo_n|t<_)r|ng the comple_te I|fecyc_le and derivation (_)fa mean yore significant. This correction results in another 5-15%
emission factor logistically difficult for a forest fire. Addi- increase in the average emission factor

tionally, we need to account for rapid particle condensation o _ o
near the fire source. The bulk of the uncertainty in normalized net emissions
Here we present a first order model for particle emissionSalculations still lies with the average emission factor, which

Net emission fluxes are most often determined by applyin§f€ estimate to be-18% for grassy fuels (which show very
emission factors to estimates of land area burned, fuel loag@nSistent results in the literature), to mid values of 37% and
ing, carbon fraction of the fuel, and combustion fraction. Fol2 high of 40% for tropical forests_ (for which relatively f_ew
lowing Seiler and Crutzen (1980) to derive the total flux of’®@surements are made). The higher mean uncertainties for

species (n) by summing over each vegetation/biome type (S:mission fa.ct.ors frgm forest ty.p(.a fuels arg not unexpected
given the difficulty in characterizing large fires. For exam-

A, ple, grass fires burn typically in the flaming phase and can

Net Flux = mei i cpi AEF )y - (f) @ pe easily characterizgdp by f)i/re towers. Lagrgper forest fires,

' however, have significant smoldering phases that can last for
wherem ;; is the amount of fuel mass available for combusdays (increasing uncertainty to that of the flaming plus smol-
tion in kilograms per square metef,; is the average mass dering phase). Large fires also vary considerably from event
fraction of carbon in the fuek s; is the combustion factor, 0 event causing more spread in the community data set.
A; is the total area burned; is the average time between
burns, and hereE F>,; is the average emission factor for
particles.
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